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We report an ab inito investigation on the ground-state atomic configuration, electronic structures,
magnetic and spin-dependent transport properties of Mn-doped Au25 nanoclusters protected by
thiolate. It is found that the most stable dopant sites are near surfaces, rather than the center
positions of the nanoparticles. Transport calculations show that high-performance spin filters can
be achieved by sandwiching these doped clusters between two nonmagnetic Au electrodes. The
nearly perfect spin filtering originates from localized magnetic moments of these clusters that are
well protected by ligands from the presence of electrodes.
PACS numbers:
Thanks to recent advances in experimental techniques
such as wet chemical synthesis and atomical control of
nanoparticles,1 there has been a surge in research per-
taining to effects of ligand protection on properties of Au
clusters or nanoparticles. Thiolate-protected Au clusters
have been shown to have unique properties that imply
great potential in practical applications such as nanocat-
alytsts, sensors, biological markers, or fluorescence.2–4
Theoretical investigations suggested that the stability of
these ligand-protected clusters is closely related to the
electron shell closing, leading to magic numbers, in anal-
ogy with the case of single atoms.5 Au25(SR)18
− (SR
= organothiolate group) is a well-studied typical exam-
ple of these thiolate-protected Au clusters, which con-
stitutes a compact icosahedral Au13 core protected by
six [(SR)3Au2] motifs, and exhibits extremely high sta-
bility with a large optical gap of 1.3 eV.6,7 Recent ex-
perimental and theoretical studies have shown that elec-
tronic and magnetic properties of Au25(SR)18
− can be
efficiently controlled and tuned by chemical doping of for-
eign elements.8–11 Versatile electronic, optical, and mag-
netic properties of Au25(SR)18
− clusters doped by dif-
ferent atoms make these clusters promising candidates
for various kinds of applications in molecular electronic,
optical, and spintronic devices.
We are particularly interested in the doping-induced
magnetic properties of these ligand-protected Au clus-
ters in the context of molecular magnet or magnetic
superatom,12,13 and their possible applications in molec-
ular spintronics. Here, by first principles approaches,
we investigate ground-state geometrical, electronic, mag-
netic, and spin-dependent transport properties of Mn-
doped Au25(SR)18
− clusters. We show that the most
favorable doping position of the Mn atom is the sur-
face site, different from previously suggested icosahedral-
center doping,10,11 and these Mn-doped clusters may be
used as nearly perfect spin filters. The spin-filtering we
observed originates from the ligand-protected magnetic
moments of clusters, which doesn’t require the symme-
try breaking of two spin channels in electrodes that is
normally indispensable in usual spintronic devices.14
Our first-principles electronic structure calculations
are performed using projector augmented wave formalism
of DFT through VASP package.15 The calculations are
performed with a plane wave basis (30 Ry for the kinetic
energy cutoff), and the generalized gradient approxima-
tion (GGA) in Perdew-Burke-Ernzerhof (PBE) format16
was included. To optimize the structure and magnetic
moment, the clusters are put in a (25×25×25 A˚3) cubic
box, a single Γ-point for sampling, and the force conver-
gence criterion is set to 0.01 eV/A˚3. The transport calcu-
lations are based on nonequilibrium Green’s function as
implemented in the ATK package.18,19 The cut-off energy
is 150 Ry and a Monkhorst-Pack k-mesh 0f 1×1×300 is
used, with a double-ζ polarized basis set.
TABLE I: Relative energies, geometrical and electronic prop-
erties of Au24Mn(SH)18 for dopant at C, S and L sites, cor-
responding to configurations in Fig 1(a), (b) and (c), re-
spectively. Relative energies (∆E) are taken the energy of
S-site doping as reference. Mtotal (MMn) is the total mag-
netic moment (single Mn dopant) of the clusters, and dMn−Au
(dAu−Au) denotes the average distance for Mn-Au (Au-Au)
bonds.
Site ∆E (eV) Mtotal (µB) MMn (µB) dMn−Au (A˚) dAu−Au (A˚)
C 0.42 5 4.07 2.81 2.98
S 0 5 4.21 2.70 2.89
L 0.24 5 4.15 2.66 2.93
In Fig. 1, we show the optimized atomic configura-
tions for thiolate protected Au25 clusters doped by a Mn
atom at different positions (Au24Mn(SH)18). The organ-
othiolate group SR is replaced by SH for computational
simplicity.11,20 Three high symmetric doping sites were
considered: The Au13 core center site (C), the core sur-
face site (S), and the ligand site (L). Note that for this
2FIG. 1: (Color online) Optimized structures for
Au24Mn(SH)18 clusters. (a) Mn doped at the icosahe-
dral Au12 center sites, (b) at the surface site and (c) at
the ligand.Au: orange (big), Mn: black (big), S: yellow
(medium), H: white (small). Superimposed are the spin
densities for the three cases, defined as the difference between
spin-up and spin-down electron densities,ρ↑-ρ↑.
system, the closed-shell configuration corresponds to the
charge neutral state.5 Our calculations show that the S
site doping is the lowest-energy configuration. The L site
doping is 0.24 eV higher, and the previously suggested C
site doping turns out to be the most unstable one (0.42
eV higher than the lowest-energy state (S site)), which
may be understood by the fact that the C site doping
causes the largest expansion of the cluster as suggested
by average bond lengths of Mn-Au (dMn−Au) and Au-
Au (dAu−Au) listed in Table I. We also considered other
ligand groups such as SCH3 and SC2H4Ph. It is found
that for all cases, the site near the cluster surface is more
energetically favorable than the center site.
According to our calculations, the undoped neutral
Au25(SH)18 cluster has one uB of magnetic moment due
to the unpaired spin, and the spin density defined as the
difference between spin-up and spin-down electron den-
sities is spread over the whole cluster, similar to the case
of neutral Au25(SR)18 cluster.
21 The Mn doped cluster,
Au24Mn(SH)18, has a large magnetic moment of 5 uB for
all three doping configurations. The spin densities are
highly localized on the Mn atom as shown in Fig. 1 for
doped cases. In order to see clearly the effects of ligand
protection on magnetic properties of the doped cluster,
we removed the ligand shell (6 (SH)3Au2 motifs), and
investigated the Mn-doped icosahedral Au12 cluster (the
core). We found that the magnetic moment in this case
is greatly reduced to about 1 uB.
We then consider the possible application of the
Au24Mn(SH)18 cluster in molecular spintronics. A
schematic view of a molecular device consisting of a
Mn-doped thiolated Au cluster and two Au electrodes
is shown in Fig. 2a. An additional Au atom is added
to each end of the leads to simulate atomically sharp
tips.? The distances between the cluster and gold leads
were fully optimized. Due to the protection of the ligand
shell, two electrodes have little effects on the magnetic
state localized on the Mn atom as suggested by the spin
density plot in Fig. 2a. In current work, we focus on the
equilibrium electron transport.
Equilibrium spin-dependent conductance spectra for S,
C, and L doping configurations are shown in Fig. 3a,
FIG. 2: (Color online) (a) A schematic device model of most
stable Au24Mn(SH)18 cluster bridging two gold leads. The
scattering region includes the cluster and several Au surface
layers. Superimposed are the spin densities for the total sys-
tem. (b) and (c) show surfaces of the constant spin-resolved
local DOS evaluated at the Fermi level. (b): α-spin, (c): β-
spin.
FIG. 3: (Color online) The spin-dependent electron transmis-
sion at zero bias for the devices. (a), (b) and (c) correspond
to Mn doped at S, C and L sites, respectively. (see Fig.1 for
details) (d) shows the electron transmission for the undoped
case. Fermi energy is set to zero (vertical dashed line).
b, and c, respectively. For all doping cases, around
the Fermi energy, the spin-up channel (majority spin)
is essentially close, while the spin-down chanel (minority
spin) shows significant conductances. We plot isosurfaces
of tranport eigen channels at Fermi energy for two spin
channels for the case of S site doping in Fig. 3d, from
where we can see that for the spin-down channel, the
cluster is disconnected from two electrodes, and for the
spin-up channel, the cluster is well connected because of
the localized magnetic moment on the Mn atom. We
then define the spin polarization (ξ) of the electron con-
3ductance as,
ξ =
∣
∣
∣
∣
Gdown −Gup
Gup −Gdown
∣
∣
∣
∣
(1)
where Gdown (Gup) denotes conductance at Fermi energy
for the spin-down (spin-up) channel. The spin polariza-
ton for S, C, and L doping sites are found to be 92.3%,
87%, and 97%, respectively, suggesting the possibility of
using this kind of clusters as spin filter. The high spin
polarization originates from the localized magnetic states
that are well protected by the ligand shell from the pre-
sense of electrodes. As a comparison, we also considered
the case of undoped thiolated Au clusters. For undoped
clusters, as previously mentioned, the 1 uB of magnetic
moment is delocalized, spreading over the whole cluster,
and when connected to two electrodes, our calculations
found that the magnetic moment disappears due to the
charge transfer between electrodes and the cluster. As a
result, there is no spin polarization in the conductance
spectra.
In conclusion, via first-principles methods, we in-
vestigated the geometrical, electronic, magnetic, and
spin-dependent transport properties of Mn-doped ligand-
protected Au24Mn(SH)18 clusters. We found that the
most favorable doping position for the Mn atom is the
surface site rather than the previously suggested center
site due to the less structure expansion. Spin-dependent
transport calculations showed that these Mn-doped clus-
ters may be used as nearly-perfect spin filters. The spin-
filtering originates from the localized magnetic moment
of the clusters that is well protected by ligand from the
presence of electrodes, and therefore does not require the
symmetry breaking of spin channels in electrodes.
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